This study proposes a new methodology based on nonlinear required strengths for evaluating the seismic performance of low-rise reinforced concrete (RC) buildings composed of members controlled by both shear and flexure. The required strengths, which represent the relationships among the strength of members controlled by shear (C su ) and flexure (C fy ) as well as earthquake levels (α) in terms of ductility demand (μ), are equated using regression analysis to estimate α-levels applied to the structure corresponding to μ, C su , and C fy . The residual seismic performance (R, damage state) of RC buildings controlled by both shear and flexure is evaluated based on strength capacity in terms of ductility demand by applying the procedure outlined in the Japanese Standard for Damage Level Classification and the Japanese Standard for Seismic Evaluation. We propose a new methodology for performance-based seismic evaluation of low-rise RC buildings with dual lateral-load resisting systems on the basis of the relationships between the R-index and earthquake level evaluated in terms of the ductility ratio. We applied the proposed method to two existing low-rise RC buildings and compared the results to those of nonlinear dynamic analyses where each member was modeled with its flexure spring and shear spring serially connected. We also evaluated the seismic performance of eight actual buildings that suffered damage in the 1995 Hyogoken Nambu and the 1993 Nanseioki earthquakes to demonstrate the effectiveness of this proposed methodology and estimate the degree of damage. Furthermore, we applied the proposed method for seismic evaluation to ten low-rise RC buildings with seismic protection indices of E S = 0.6, which is the Japanese standard for the critical value required to prevent moderate or greater damage to structures under a rare earthquake with the ground motion acceleration level 0.23g like the 1968 Tokachi-oki EQ and 1978 Miyagiken-oki EQ and to prevent heavy damage under a very rare earthquake with the ground motion acceleration level much higher than 0.23g like 1995 Hyogoken-Nambu EQ. We also compared the relationship between the results of the proposed method and the seismic protection index. The proposed methodology reasonably predicted the earthquake damage sustained by actual buildings, and its results agreed closely with those from detailed nonlinear dynamic analyses and the second-level procedure in the Japanese standard based on E S = 0.6. The proposed seismic evaluation method was efficient; it provided a means to evaluate the seismic performance considering a specific level of desired structural performance for a specific level of earthquake demand. The new methodology presented in this study can thus be effectively used for performance-based seismic evaluation of low-rise RC buildings composed of members controlled by both shear and flexure.
Introduction
The lateral-load resisting systems of many low-rise reinforced concrete (RC) buildings are composed of members that may be vulnerable to pre-emptive shear failures if their shear strengths are insufficient to develop their flexural strengths. The lateral strength of such buildings is related to the component strengths, which in turn may be governed by both shear and flexure. This is referred to as a dual lateral-load resisting system. The seismic capacity of RC buildings composed of members controlled by both shear and flexure should clearly be evaluated by a method that takes into account the dynamic relationships between the strength capacity and ductility of these members as well as the level of earthquake vibrations.
In recent years, however, performance-based seismic evaluation and rehabilitation procedures have been promoted. These procedures consider establishing performance levels in terms of building occupancy during and after an earthquake, post-earthquake repairs, and life safety. A specific performance objective is related to a specific level of desired structural performance for a specific level of earthquake demand.
The Federal Emergency Management Agency reports FEMA 310 (1998) and FEMA 356 (2000) define the methods and design criteria required to achieve several different levels of performance for seismic evaluation and rehabilitation criteria, respectively. The building performance levels for seismic evaluation considered in FEMA 310 consist of life safety and immediate occupancy. The seismic rehabilitation criteria in FEMA 356 include operational considerations, immediate occu-pancy, life safety, and collapse prevention. These levels are discrete points on a continuous scale that describe the expected performance of a building. The scale is usually expressed in terms of lateral displacements associated with a specific level of earthquake demand. FEMA 310 and 356 consider the seismic performance of RC buildings composed of members controlled by both shear and flexure by separating them into components of shear walls or moment frames. The seismic performance is then simply based on the heuristic judgment of evaluation standards for each structural type.
In the Japanese standard (JBDPA 2005) , the seismic capacity of existing low-rise RC building is evaluated using a structural seismic index (a serial score), which is calculated according to the ultimate horizontal strength and ductility of the building. The structural safety level is determined by a combination of the structural seismic index and required seismic performance to give the seismic protection index. The seismic protection index that ensures the protection of existing buildings, usually 0.6, is selected empirically (JBDPA 2005; Nakano 1986; Okada 1985) . Buildings with seismic protection indices greater than 0.6 did not suffer any moderate or greater damage in the 1968 Tokachi-oki or the 1978 Miyagikenoki earthquakes (Okada 1985; Nakano 1986 ). The maximum ground acceleration α during these earthquakes was approximately 23% that of gravity (i.e., α = 0.23 g).
In the Japanese standard, the seismic capacity of RC buildings with lateral load resisting members controlled by both shear and flexure is quantitatively evaluated either by linear combination, which gives the seismic index at the failure point of members controlled by shear, or by ellipsoid combination, which gives the seismic index at the failure point of members controlled by flexure. The standard recommends selecting the larger of these two seismic index values as the seismic capacity of RC buildings with a dual lateral-load resisting system. The Japanese standard, however, does not quantitatively discuss the performance-based seismic level in terms of a desired structural damage state associated with a specific level of earthquake demand. Instead, the level is selected empirically, as previously stated.
Against this research background, we conducted nonlinear seismic response analyses to investigate the relationships between the strength and ductility of shear and flexural members of low-rise RC buildings to obtain fundamental data for evaluating the seismic capacity of these buildings, as described in previous research (Lee 2010) . We then compared the strength required of lowrise RC buildings composed of flexural-and shearfailure members to the specific level of ductility of each member based on a nonlinear seismic response analysis. We finally derived the required strength curves such as Fig. 1 , which shows the case for ground motion acceleration α = 0.3 g (Lee 2010 ). The required strength curves can be used to predict earthquake damage to a building subjected to a specific earthquake level based on the building's seismic capacity, which is in turn based on the relationship between the strength capacity of the flexural-and shear-failure members and their ductility. These curves can therefore be used for performance-based seismic evaluations of low-rise RC buildings with dual lateral-load resisting systems.
The main purpose of this research was to extend previous research (Lee 2010) and propose a more efficient and practical methodology for performance-based seismic evaluation for low-rise RC buildings composed of members controlled by both shear and flexure without requiring detailed seismic evaluation such as nonlinear static and dynamic analyses or the capacity spectrum method.
In this study, the required strength curves such as Fig.  1 , which show the relationships between strength (C su , C fy ) and ductility (μ s , μ f ) subjected to various intensities of earthquakes (α), are equated using regression analysis to estimate earthquake levels applied to the structural system corresponding to each level of ductility demand and strength capacity. The residual seismic performance (R-index) of an RC building controlled by both shear and flexure is then evaluated based on strength capacity in terms of ductility demand by applying the procedure outlined in the Japanese Standard for Damage Level Classification (Maeda et al. 2004; Maeda and Kang 2009) 
Upper values Mean values
Required strength C fy μ s =1
Required strength C su Nonlinear required strength curve (α = 0.3 g) Note: C su and C fy are the required strengths of members controlled by shear and flexure. The μ f is the ductility ratio defined as the ratio of maximum response displacement (u max ) to the flexural yield displacement point (u fy ), i.e., u max /u fy . The μ s is defined as the ratio of maximum response displacement (u max ) to the shear cracking displacement point (u sc ), i.e., u max /u sc . Fig. 1 Example of the nonlinear required strength curve of a low-rise RC building controlled by both shear and flexure (Lee 2010) .
Evaluation (JBDPA 2005) . A new methodology for performance-based seismic evaluation of low-rise RC buildings with dual lateral-load resisting systems is then proposed on the basis of the relationships between the R-index and earthquake level evaluated in terms of the ductility ratio. The proposed method was applied to two actual lowrise RC buildings and verified by comparing its results to those of nonlinear dynamic analyses where each member was modeled with its flexure spring and shear spring serially connected. The seismic performances of eight actual buildings damaged by the 1995 Hyogoken Nambu and the 1993 Nanseioki earthquakes were also evaluated to demonstrate the effectiveness of the new proposed methodology compared to the actual degree of damage the buildings suffered. In addition, the seismic evaluation method proposed in this study was applied to ten low-rise RC buildings with seismic protection index E S = 0.6, which is the Japanese standard for the critical value required to prevent moderate or greater damage to structures under a rare earthquake with the ground motion acceleration level 0.23g like the 1968 Tokachi-oki EQ and 1978 Miyagiken-oki EQ and to prevent heavy damage under a very rare earthquake with the ground motion acceleration level much higher than 0.23g like 1995 Hyogoken-Nambu EQ. The relationships between the results of the proposed method and the seismic protection index were also compared. Figure 2 outlines the proposed new methodology using nonlinear required strengths to evaluate the seismic performance of low-rise RC buildings controlled by both shear and flexure. The proposed method assumes that the beams are sufficiently strong, and is based on the ultimate strength of vertical members such as columns and walls as well as on failure type and ductility.
Proposed methodology for performancebased seismic evaluation of low-rise RC buildings

Seismic evaluation method: Overview
The method was feasible for the application to lowrise RC buildings which feature as the weak column and strong beam structures. Because Japanese low-rise RC buildings that constructed before 1981 and most lowrise RC buildings in Korea were governed by the failure mechanism of the weak column and strong beam, the method proposed in this study would be mainly focused on those buildings, in a manner similar to the concept specified in the second level screening procedure in the Japanese Standard (JBDPA 2005) .
The procedure for evaluating the seismic performance of a building involves five steps. 1) Compute the ultimate strength (C su , C fy ) and deformation μ capacities of vertical members controlled by shear such as shear walls and shear columns, and controlled by flexure such as ductile columns. 2) Evaluate the basic seismic index E o computed by multiplying the strength index C, which represents the retention strength capacity as a form of the shear strength coefficient index (C su , C fy ), by the ductility index F, which indicates the magnitude of plasticity μ.
3) Estimate the levels of ground motion acceleration α applied to the structural system corresponding to each value of system ductility (μ f = 0.3, 0.6, 1, 2, 4) and ultimate strength capacity (C su , C fy ) based on the regression equations of nonlinear required strengths that show the relationships of strength (C su , C fy ), ductility μ f , and earthquake level α. 4) Compute the residual seismic performance (R = R E o /E o ) based on the basic seismic index of the structural system before (E o ) and after ( R E o ) the earthquake damage in terms of each value of system ductility (μ f = 0.3, 0.6, 1, 2, 4), in which the R E o -index is calculated considering the seismic performance reduction factor η. 5) Determine the degree of earthquake damage (slight, light, moderate, heavy, or collapse) of the structural system corresponding to each value of system ductility (μ f = 0.3, 0.6, 1, 2, 4) based on the R-index, and then evaluate the seismic performance considering a specific level of desired structural performance for a specific level of earthquake demand. This is performance-based seismic evaluation. The following section presents the details of each of these steps.
Stepwise seismic evaluation: Details
(1) Step 1: Compute the ultimate strength and deformation capacities of the vertical members
Step 1 computes the ultimate strength (C su , C fy ) and deformation μ capacities of vertical members controlled by shear such as shear walls and shear columns, and controlled by flexure such as ductile columns on all floors of the subject low-rise RC building. The computation of the ultimate strength and deformation capacities involves a bidirectional approach in the longitudinal (x) direction and transverse (y) direction. The seismic capacity is evaluated independently and bi-directionally.
The ultimate strength and deformation capacities of vertical members can be calculated using the methods described in FEMA 356 (2000) and the second-level procedure of the Japanese standard (JBDPA 2005) , nonlinear static analysis, and plastic analysis of the framing system, among others. This study used the second-level Japanese standard procedure for computing the ultimate strength and deformation capacities of vertical members because the calculation is quite simple based on the strength index C, which represents the ultimate strength capacity as a form of the shear strength coefficient index (C su , C fy ) and the ductility index F, which indicates the magnitude of plasticity μ. The basic seismic indices of the structural system before (E o ) and after ( R E o ) the earthquake damage required in Steps 2 and 4 below, are also computed using the same method.
The ultimate strength (C su , C fy ) of vertical members such as walls and columns is calculated from the ultimate lateral load-carrying capacity assuming that the beams are sufficiently strong. The failure mode of a column is determined by comparing the ultimate shear strength Q su shown in Eq. (1) Start: collect data for the subject buildings
Compute the ultimate strength (C su , C fy ) and deformation (μ) capacities of the vertical members (columns and walls) C su and C fy are the ultimate strength of the members controlled by shear and flexure; μ is the ductility ratio.
Evaluate the basic seismic index (E o = C × F) C is the strength index; F is the ductility index.
Estimate the levels of ground motion acceleration (α) based on the regression equations of the nonlinear required strengths, which show relationships among strength (C su , C fy ), system ductility (μ f ), and earthquake level (α); μ f is the ductility ratio of the members controlled by flexure.
Compute the residual seismic performance (R = R E o /E o ) in terms of each system ductility (μ f = 0.3, 0.6, 1, 2, 4) E o and R E o are the basic seismic index of the structure before and after the earthquake damage
Determine the degree of earthquake damage to the structural system corresponding to each system ductility (μ f ) based on the R-index where the degree of damage may be slight, light, moderate, heavy, or collapse.
Evaluate the seismic performance considering a specific level of desired struc tural performance for a specific level of ea rthquake demand.
Prepare a report of the seismic evaluation results.
End
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where Q u .: ultimate lateral load-carrying capacity of the vertical members in the story in question W ∑ : building weight, including live load for seismic calculation supported by the story in question The ductility index F of a vertical member, on the other hand, can be determined by considering the failure mode and member deformation capacity (ductility ratio μ). The ductility index of a shear wall and a shear column is defined as 1.0, while that of a flexural column is computed using the following equation:
where μ : ductility ratio at the ultimate deformation capac-
The ultimate strength of members controlled by shear C su is the sum of the strength indices C of the vertical members corresponding to ductility index F = 1. The ultimate strength of members controlled by flexure C fy is the sum of the strength indices C of the vertical members greater than ductility index F = 1. Using C su and C fy computed in this step, the levels of ground motion acceleration α applied to the structural system corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) can be estimated in Step 3 below.
( 2) Step 2: Evaluate the structural system's basic seismic index According to the Japanese standard (JBDPA 2005) , the basic seismic index E o is calculated by multiplying the strength index C by the ductility index F and selecting the larger value from Eqs. (6) and (7).
( )
where 1/ n n i + + : story shear modification factor, in which n is the number of stories of the building and i is the number of the story being evaluated; the first story is 1 and the top story is n.
C 1 : strength index C of the first group whose member ductility index F are rather smaller C 2 : strength index C of the second group whose member ductility index F are medium C 3 : strength index C of the third group whose member ductility index F are rather greater F 1 : ductility index F of the first group F 2 : ductility index F of the second group F 3 : ductility index F of the third group
Step 3: Estimate the levels of ground motion acceleration applied to the structural system Using the values of C su and C fy computed in Step 1, the levels of ground motion acceleration (0.02 g ≤ α ≤ 0.5 g) applied to the structural system corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) can be estimated using Eqs. (8) - (12). These equations, which are based on the system ductility μ f , earthquake level α, and ultimate strength (C su , C fy ), were derived from regression analysis based on nonlinear required strengths like Fig. 1 in previous research (Lee 2010) . In that research, the nonlinear required strengths based on nonlinear dynamic analyses using a single degree of freedom were derived in terms of a specific level of ductility demand subjected to earthquakes of various intensities α in the range 0.02 -0.5 g. Figure 1 , for example, shows interaction curves of the required strength levels between C su and C fy using an earthquake acceleration intensity of α = 0.3 g. We reanalyzed the nonlinear required strengths, and present the results in Figs. 3(a) -(e), which show earthquakes of various intensities in terms of a specific level of ductility demand. These can be used to calculate the levels of ground motion acceleration α applied to the structure corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) based on C su and C fy . The broken lines in Figs. 3(a) -(e) show the mean ductility ratio obtained from the nonlinear required strengths, such as those shown in Fig. 1 ; the solid lines indicate the results derived by the multi-regression analysis based on the broken lines, as expressed in Eqs. (8) -(12). Because the Case I structure from previous research (Lee 2010 ) required more strength than the other case structures, the Case I structure was selected for seismic performance evaluation to represent existing low-rise RC buildings with members controlled by both shear and flexure.
Based on the C su and C fy values computed in Step 1, the levels of ground motion acceleration (0.02 ≤ α ≤ 0.5 g) applied to the structure corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) can be easily estimated using Eqs. (8) (4)
Step 4: Compute the residual seismic performance in terms of each system ductility In
Step 4, the residual seismic performance R is computed based on the basic seismic index of the structural system before (E o ) and after ( R E o ) earthquake damage in terms of each system ductility, i.e., μ f = 0.3, 0.6, 1, 2, and 4. The residual seismic performance R in the Japanese Standard for Damage Level Classification (Maeda et al. 2004; Maeda and Kang 2009 ) was originally developed to classify the damage state of RC buildings that had suffered damage during earthquakes. In that standard, the state of damage of each structural member is first classified into one of the five classes shown in Table 1 . The damage state of the entire building is then determined from the residual seismic performance index (R-index) calculated using Eq. (13) described below. The R-index is based on the seismic performance reduction factor (η-factor) listed in Table 2 for structural members corresponding to the damage classes in Table  I . The η-factors were determined from the residual crack width and the deformation of the corresponding overall damage state of concrete members observed in laboratory experiments Maeda et al. 2000) . The procedure outlined in the Japanese standard, is applied in this step to compute the residual seismic performance R of RC buildings with a dual lateral-load resisting system consisting of members controlled by both shear and flexure. The R-index of such buildings can be calculated using the following equation in terms of a specific level of ductility demand on the basis of the categorized damage class for each level of ductility ratio, i.e., μ f = 0.3 (μ s = 5), μ f = 0.6 (μ s = 10), μ f = 1, μ f = 2, and μ f = 4 shown in Fig. 4 . (Maeda et al. 2004) . where E o and D E o represent the basic seismic index of the structure before and after the earthquake damage calculated in
Structural members
Step 2, respectively. The E o -index is based on the ultimate horizontal strength index (C-index) and ductility index (F-index) of each lateral load-resisting member shown in Step 1. Similarly, the D E o -index is also evaluated based on C-and F-indices. However, both indices are calculated using η-factor values (see Table 2 ) corresponding to the damage class.
( 5) Step 5: Determine the degree of earthquake damage and evaluate the seismic performance
Step 5 determines the degree of earthquake damage (slight, light, moderate, heavy, or collapse) of the structural system corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) on the basis of the residual seismic performance R computed in Step 4, as follows:
The seismic performance considering a specific level of desired structural performance for a specific level of earthquake demand is finally evaluated in Step 5.
Validation using two example low-rise RC buildings
The proposed method for evaluating the seismic performance of low-rise RC buildings with dual lateralload resisting systems was applied to two actual buildings. The resulting seismic performance was then compared with the value obtained from nonlinear dynamic analysis of the same buildings to determine the validity of the proposed new methodology. Figure 5 shows planar views and the detailing of the section of the two example buildings considered in this study. The first building was a three-story RC building, and represents a typical Korean school constructed in the 1980s (Lee et al. 2009 ). The second building is also a three-story RC building, the Aonae Elementary School, which was moderately damaged by the 1993 Nanseioki earthquake on the Japanese island of Hokkaido (Lee et al. 1994) . The cross-sectional areas of the columns in the first building for C 1 were 350 × 500 mm (hoop: D10@300), and those of C 2 and C 3 were 350 × 400 mm (hoop: D10@300). The cross-sections of the columns in the second building were all 500 × 600 mm. The specified concrete strength and yield strength of reinforcing bar in the first building were 21 MPa and 240 MPa, and those in the second building were 18 MPa and 300 MPa, 7@4,500
Cross section of columns Type C 1
Cross
Type C 2 350*500 mm Dim. respectively. This study evaluated the seismic performance of the examples in the x-direction on the first floor.
Procedure and results of the seismic evaluation based on the proposed methodology
(1) Step 1: Compute the ultimate strength and deformation capacities of the vertical members The Step 1 columns in Table 3 show the computed ultimate strength capacity (strength index C) and the ductility capacity (ductility index F) calculated using Eqs.
(1) -(5). The C-and F-indices of the first building were 0.15 and 2.3, while those of the second building were 0.22 and 2.9, respectively.
( 2) Step 2: Evaluate the structural system's basic seismic index The Step 2 column in Table 3 shows the basic seismic index E o , which was calculated by multiplying the strength index C by the ductility index F in Step 1 and selecting the larger of the results from Eqs. (6) and (7). The first and second buildings had E o -index values of 0.34 and 0.65, respectively.
( 3) Step 3: Estimate the levels of ground motion acceleration applied to the structural system Using the values of C su and C fy computed in Step 1, the levels of ground motion acceleration α applied to the structural system corresponding to each system ductility (μ f = 0.3, 0.6, 1, 2, 4) were estimated using Eqs. (8) -(12). As shown in the Step 3 columns of Table 3 , the α values corresponding to μ f = 0.3, 0.6, 1, 2, and 4 were 0.04, 0.05, 0.07, 0.15, and 0.2 g for the first building, and 0.05, 0.08, 0.1, 0.21, and 0.28 g for the second building.
(4) Step 4: Compute the residual seismic performance in terms of each system ductility The residual seismic performance R shown in the Step 4 columns of Table 3 was computed using Eq. (13) based on the strength capacity of the structural system before (E o ) and after ( R E o ) the earthquake damage in terms of each system ductility, i.e., μ f = 0.3, 0.6, 1, 2, and 4. The R E o value was evaluated considering the η-factor shown in Table 2 .
(5) Determine the degree of earthquake damage and evaluate the seismic performance The Step 5 column in Table 3 shows the degree of earthquake damage of the buildings corresponding to each value of system ductility from Step 3 and the residual seismic performance R from Step 4. Figures 6(a) and 6(b) describe the relationships among the strength, ductility, degree of earthquake damage, and earthquake level for the first and second buildings, respectively. For the first building, heavy damage was estimated for α = 0.15 g, while for the second building, this would occur for α = 0.21 g.
The methodology proposed in this study can easily evaluate seismic performance considering a specific level of desired structural performance for a specific level of earthquake demand. The method can thus be effectively used for performance-based seismic evaluation.
Seismic performance determined by nonlinear dynamic analyses
(1) Nonlinear dynamic analysis: Overview and assumptions Although real structures vibrate three-dimensionally in a complex manner, this study replaced the columns, beams, and walls with linear members to model the structure of the example buildings as plane frames considering only the horizontal seismic force. The characteristics of each floor were evaluated considering the level of each member. The following assumptions were also made. a. The location of the yield hinge of each member was assumed to be in accordance with JBDPA (2005) and AIJ (2010). Furthermore, the joint of the col- Table 3 Evaluated seismic performance of the example buildings.
Step 1 Step 2 Step 3 Step 4 Step 5 η Building Direction umn and beam, and the area from the center of each member to the end of the member at which the yield hinge takes place, were assumed to be rigid. (a) The beams were assumed to be at the column end for the case of no wing wall, and at D G /2 from the edge for the case with a wing wall, where D G is the beam depth. (b) The footing beams were assumed to be at the end of the column for the case of DF' < (l0/l0'-1)·DF, and at the end of the foundation plate for the case of DF' > (l0/l0'-1)·DF, where DF is the depth of the footing beams, DF' is the distance from the base of the foundation plate to the footing beam, l0 is the distance between columns, and l0' is the distance between foundation plates. (c) The yield hinge of the columns without hanging and spandrel walls was assumed to be at the end of the beam. If the columns included hanging and spandrel walls, the hinge location was set to Dc/2 from the edge, where Dc is the column width.
b. Each frame was assumed to be connected by a pinended strong beam, and the entire structure was analyzed as one plane frame. In other words, the whole building was assumed to act as a rigid diaphragm. c. The strength capacity of the beam considered the influence of the slab reinforcing bar in the effective width of the slab, and the flexural moment of the beam end due to long-term loading was considered to be the initial value of the hysteresis property of the flexural spring of the member, as described below. d. Non-structural walls such as masonry or bricks walls were neglected. In addition, each member was assumed to be like the model shown in Fig. 7 , with its flexural spring and shear spring serially connected. This is the Giberson model (Gilberson 1966; Otani 1974; Berg et al. 1960) for the evaluation of the flexural force stiffness matrix from the moment at the ends of a member. The deformation in the direction of the member axis was ignored. The bending of the member was evaluated by the elastic linear member, with elastic stiffness kB (EI/l) and plastic rotational springs installed at the ends of the member with stiffnesses of (kBP)A and (kBP)B. The deformation was then computed as the sum of these parts. Additionally, shear deformation was evaluated as a nonlinear shear spring installed at the center of the member. Therefore, the relationships between the moment (MA, MB) and the angle of deflection (τA, τB) at the ends of the member can be described as the following equation.
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where [ ] K represents the stiffness matrix of member estimated using Eqs. (15) and (16).
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Ductility ratio (μ f ) or Ductility index (F) where , α β represents the stiffness reduction ratio following the plasticity of member. A and G show the shear cross-sectional area and its stiffness, and k represents the shape factor, respectively.
The hysteresis of the flexural-failure and shear-failure members was represented by the degrading trilinear model shown in Fig. 8(a) and the origin-oriented model shown in Fig. 8(b) (Umemura 1973; Otani 1974; Murakami and Penzien 1975) . The variables including initial stiffness k B or k S , flexural crack moment M c , shear crack strength v c , flexural yield moment M y , and shear ultimate strength v u , which determine the hysteresis property of each column, beam, and wall, were computed using the equations in JBDPA (2005) and AIJ (2010). Additionally, the ground motion acceleration for the nonlinear dynamic analysis used the north-south (NS) and east-west (EW) ground motions recorded at Hachinohe. These ground motions were recorded during the 1968 Tokachi-oki earthquake, in which many low-rise RC buildings sustained severe damage (AIJ 1968) .
The magnitude of the ground motion acceleration was normalized to accelerations of 0.15 and 0.2 g for the first building which was based on the evaluation results by the method proposed in this study, as shown in Table  3 ; these ground motion accelerations correspond to moderate and heavy damage degrees. For the second building, on the other hand, the magnitude was normalized to accelerations of 0.2 and 0.3 g which also correspond to moderate and heavy damage degrees. The seismic performance of the examples in the longitudinal direction on the first floor was evaluated. Park (1989) . The rotation angle of the member was approximately 1/150 rad, similar to the yield range of typical RC buildings (Umemura 1973) . The maximum strength capacity in terms of shear strength coefficient C B was 0.12. The ductile capacity of the first building shown in Fig. 9 , which is the result of converting the Findex (see Step 1) to the ductility ratio μ f , was approximately 48 mm (μ f = 2.4), as computed by the proposed method. The results of the dynamic analysis showed that the maximum response ductility (Hachinohe EW) for α = 0.15 and α = 0.2 g were μ f = 1.98 and μ f = 3.97, respectively. According to the standard method of postearthquake damage evaluation for RC buildings (Maeda et al. 2004) , the first building was susceptible to more than medium damage in the case of α = 0.15 g and severe earthquake damage in case of α = 0.2 g. This result agrees closely with the results of the method proposed in this study, which indicated a collapse (R = 0) for α = 0.2 g and a moderate degree of damage (R approximately 73) for α = 0.15 g.
For the second building, the maximum shear strength coefficient C B was 0.21 and the yield displacement was approximately 19 mm. The ductile capacity shown in Fig. 10 for the second building was approximately 76 mm (μ f = 4.0), as estimated by the method proposed in this study. The maximum response ductilities (Hachinohe EW) analyzed by the dynamic analysis for α = 0.2 and α = 0.3 g were μ f = 1.46 and 3.05, respectively, indicating that the second building was subject to moderate damage in the case of α = 0.2 g and severe damage in case of α = 0.3 g, according to the standard method of post-earthquake damage evaluation (Maeda et al. 2004) . As shown in Fig. 10(a), Fig. 10(b) , and Table 4 , these results agree closely with those of the new methodology proposed in this study.
Validation of proposed method using RC buildings damaged by actual earthquakes
The proposed method for seismic evaluation was validated by comparing its results to the degree of damage to low-rise RC buildings inflicted by actual earthquakes. The buildings were eight low-rise buildings, two to four stories high (most were three stories), located on Okushiri Island and damaged during the 1993 Nansei-oki earthquake (Lee et al. 1994) , and on Awaji Island damaged during the 1995 Hyogoken Nambu earthquake (Lee et al. 1996) . Although there was no measured record of the ground motion on the Okushiri and Awaji Islands, the maximum acceleration of the ground motion in both areas was reported to be approximately 0.23 g. The ground motion acceleration of the Awaji island damaged during the 1995 Hyogoken Nambu earthquake was inferred from the relationship between the degree of damage to the buildings and their seismic capacities in terms of Is-indices (Lee et al. 1995; Lee et al. 1996) . On the other hand, that of the Okushiri Island during the 1993 Hokkaido Nansei-oki earthquake was estimated on the basis of engineering judgment using the layeredshear soil model theory (Lee 1993; Lee et al. 1994) . Table 5 shows the evaluation procedure of each step and the results of seismic performance of the eight buildings. Most buildings damaged during the 1993 Nansei-oki and the 1995 Hygoken Nambu earthquakes were composed of members controlled by both shear and flexure, as shown in the table. Based on the values in Table 5 , Fig. 11 shows the relationships between the residual seismic performance (R-index) and levels of ground motion acceleration (α) for the eight damaged buildings together with the actual earthquake damage. Table 5 Evaluated seismic performance of the eight damaged RC buildings.
Step 1 Step 2 Step 3 Step 4 Step 5 The solid line in Fig. 11 outlines the boundary of the maximum acceleration of the ground motion α = 0.23 g, which was reported by the previous research as stated above.
In Fig. 11 , the degree of damage corresponding to α = 0.23 g determined using the proposed methodology compared reasonably well with the actual damage observed during the 1993 Nansei-oki and 1995 Hygoken Nambu earthquakes. Buildings inside the heavy damage zone (R < 60), excepting the No. 5 (moderate damage), suffered severely, while those inside the slight ( 95 R ≥ ) and light ( 60 95 R ≤ < ) damage zones did not suffer more than moderate damage.
The No. 5 building suffered moderately is totally controlled by shear. it seems that the seismic performance reduction factor(η) shown in Table 2 , which was originally outlined by the Japanese Standard for Damage Level Classification (JBDPA, 2001) , is very sensitive to a building totally controlled by shear. the effectiveness of the proposed method in this study with the shear buildings like the No. 5 should be studied in further research, including the seismic performance reduction factors of shear members.
Relationship between the Japanese second-level procedure and proposed method
The proposed methodology for evaluating seismic performance was applied to ten low-rise RC buildings with a seismic protection index of E S = 0.6, which is the Japanese standard for the critical value required to prevent moderate or greater earthquake damage in the presence of a ground motion acceleration of 0.23 g. The relationships between the degree of earthquake damage (R-index) derived by the proposed method and E S = 0.6 required to prevent to large-scale earthquake damage determined by the second-level procedure in the Japanese standard were compared. Table 6 lists the combination of the ultimate shear strength and ductility for the ten buildings, all of which were controlled by both shear and flexure and had a value of E S = 0.6. : Actual Japanese buildings damaged in the 1995 Hyogoken Namuba and 1993 Hokkaido-Nanseioko earthquakes.
The maximum acceleration of the ground motion was reported to be approximately 0.23 g (Lee et al. 1994 (Lee et al. , 1996 Fig. 11 Relationships between the residual seismic performance (R-index) and the levels of ground motion acceleration (α) of the eight damaged buildings, together with the degree of actual damage. Es=0.6 for the second-level procedure in the Japanese standard method: the critical value for preventing large-scale damage from an earthquake in the 0.23 g category. Fig. 12 Relationships between the residual seismic performance index (R) and the seismic protection index (ES = 0.6).
shows the relationships between the R-index computed by the proposed method and the ground acceleration for E S = 0.6. Figure 12 shows that a reasonable correlation exists between the residual seismic performance index produced by the proposed method and the second-level procedure of the Japanese standard using a seismic protection index of E S = 0.6. For a ground motion acceleration of 0.23 g, buildings with a seismic protection index E S of 0.6 were generally located in the boundary of R = 60%. The results of the proposed method for performance-based seismic evaluation show that low-rise RC buildings controlled by both shear and flexure with E S = 0.6 can avoid serious earthquake damage in the presence of a ground motion acceleration of α = 0.23 g.
Conclusion
In this study, we equated the required strength curves showing the relationships of strength versus ductility subjected to earthquake levels of various intensities using regression analysis to estimate the earthquake levels applied to a structural system corresponding to each ductility demand and strength capacity. We evaluated the residual seismic performance of RC buildings controlled by both shear and flexure based on their strength capacity in terms of each ductility demand using the procedure outlined in the Japanese standards for damage level classification and seismic evaluation. We proposed a new methodology for performance-based seismic evaluation of low-rise RC buildings with dual lateralload resisting systems. This methodology was based on the relationships between the R-index and earthquake level evaluated in terms of the ductility ratio.
We applied the proposed method to two actual lowrise RC building examples and compared the results with those from nonlinear dynamic analyses where each member was modeled with its flexure spring and shear spring serially connected. We evaluated the seismic performance of eight actual buildings that had suffered damage in two Japanese earthquakes to demonstrate the effectiveness of our proposed methodology by comparing our results with the actual degree of damage. Furthermore, we applied our methodology to ten low-rise RC buildings, each with a seismic protection index of E S = 0.6, and compared our results with those of the Japanese standard second-level procedure.
Our proposed methodology reasonably predicted the damage sustained by real buildings during actual earthquakes, and agreed reasonably well with the results of the detailed nonlinear dynamic analysis and the secondlevel procedure in the Japanese standard. Our proposed seismic evaluation method was efficient; it provided a means to evaluate the seismic performance considering a specific level of desired structural performance for a specific level of earthquake demand. Therefore, our new methodology presented in this study can be used for performance-based seismic evaluation of low-rise RC buildings composed of members controlled by both shear and flexure. This will provide fundamental data for earthquake preparedness measures, such as the seismic rehabilitation of low-rise RC buildings. evaluation of existing reinforced concrete buildings, guidelines for seismic retrofit of existing reinforced concrete buildings, and technical manual for seismic evaluation and seismic retrofit of existing reinforced concrete buildings." Japan Building Disaster Prevention Association, Tokyo, Japan. JBDPA, (2001). "Standard for damage level classification." Japan Building Disaster Prevention Association, Tokyo, Japan. (in Japanese) Lee, K. S., (1993) . "Seismic capacity of reinforced concrete buildings damaged by 1993 HokkaidoNanseioki Earthquake." Master's Thesis (Engineering), The University of Tokyo, Japan. (in Japanese) Lee, K. S., (2010) . "Seismic capacity requirements for low-rise reinforced concrete buildings controlled by both shear and flexure." Journal of Advanced
